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In	the	study	of	Giles	et	al.	(2000),	adult	survivorship of IMM on cracked stored maize 
after 60 days ranged from 36.5-73%. Similarly, Kaliyan et al. (2005) observed that a higher 
percentage of broken kernels resulted in higher larval survival from 6.7% only in containers 











































































































































































































































































































































































































































































































































































































































































































































































































Sobek, E.A., and Munkvold, G.P. 1999. European corn borer (Lepidoptera: Pyralidae) larvae as 
vectors of Fusarium moniliforme, causing kernel rot and symptomless infection of maize 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 1. Conventional and transgenic maize hybrids evaluated for effects of interactions between 
A. flavus and Indianmeal moth or maize weevil.  
	
 
Table 2. List of Bt proteins evaluated and details of each protein expressed.  
	
Event name Bt Protein 
expressed 
Promoter Mean expression 
levels in grain1 
Reference 
Bt11 Cry1Ab CaMV 35S 2 ng/mg US EPA 2010b 
Mir604 mCry3A MTLP 1.09 or 1.95 ng/mg  US EPA 2007 
Mir162 vip3Aa20 ZmUbiInt 14.7 ng/mg  US EPA 2009 
TC1507 Cry1Fa2 Zea mays 
polyubiquitin promoter 
2.2 ng/mg US EPA, 2010b 
DAS59122-7 Cry34Ab1 Zea mays ubiquitin 
gene promoter 
50 ng/mg US EPA 2004b 
 
 Cry35Ab1 Triticum aestivum 
peroxidase gene root-
preferred promoter 
1.00 ng/mg  
US EPA 2004b 
 








Developer GM trait Proteins 
expressed 
GM trait Proteins 
expressed 
R19 - - - - Blue River 
Organic Seed  
































































Figure 1. IndianmealIndianmeal moth (IMM) survival and damage on non-Bt maize 
(GT) stored at IMM rearing conditions (25oC and 60-65% RH) with 0-hr (0pp) and 12-
hr (12pp) light interval. No larvae or adult were present on the egg infested grain. 
Larvae infested grain have higher percentage of larvae that developed into adults. 
Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 0.01, ‘***’ p ≤ 0.001, and ‘****’ p ≤ 0.0001. 
Figure 2. Maize grain stored for 4 weeks at 32o and 70-75% RH. Grains were infested with 
Indianmeal moth (IMM) or maize weevil (MW) and were artificially inoculated with A. flavus. 
Damage is relative to the total number of sampled grains and survivorship accounts for larvae 
that reached pupal stage and adults. Non-Bt grain used was GT. Significance codes: ‘*’ p ≤ 





































































































































































































































Figure 3. Maize grain stored for 4 weeks at 32o and 80-85% RH. Grains were infested with 
Indianmeal moth (IMM) or maize weevil (MW) and were artificially inoculated with A. flavus. 
Damage is relative to the total number of sampled grains and survivorship accounts for larvae 
that reached pupal stage and adults. Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 0.01, ‘***’ p ≤ 
0.001, and ‘****’ p ≤ 0.0001. 
 
Figure 4. Log colony forming units (CFU) of A. flavus isolated from maize samples stored 
for 4 weeks at 32o and 80-85% RH. No significant differences of treatments within hybrids 



































































































































Figure 5. Comparison of the two Indianmeal moth colonies (OK and KS) based on survivorship and 
percent damaged kernels with different infestation methods on non-Bt hybrids. C17 and R19 are 
organic non-Bt hybrids; GT (NK1284-GT) and 60GT (NK0760-GT) are transgenic non-Bt hybrids. Eggs 
or larvae (larv) were introduced into jars containing whole kernels or with whole kernels + 10% cracked 
maize. Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 0.01, ‘***’ p ≤ 0.001, and ‘****’ p ≤ 0.0001. Significance 
codes on top of OK bars compare differences with KS unless otherwise bracketed.  
Figure 6. Feeding damage of IndianmealIndianmeal moth OK and KS colonies on 
the organic non-Bt R19. Grain infested with eggs have smaller feeding holes 
compared to when larvae were introduced. Larvae of OK colonies produced more 
evident damage compared KS colonies.   
R19 – IMM eggs (OK) R19 – IMM larvae (KS) R19 – IMM larvae (OK) 


























































































Figure 8. Maize weevil (Sitophlius zeamais): A) bored hole - a characteristic feeding 
damage of adult weevil; B) inside of damaged kernel with evident A. flavus growth; 
C) stages of maize weevil found in the non-Bt grain.  
A B 
C 
Figure 7. IndianmealIndianmeal moth (Plodia interpunctella): A) feeding damage on maize 
by larvae; B) adult and pupa colonized by A. flavus; and C) comparison of two different 
colonies of IndianmealIndianmeal moth (larger colony was used for this study). 

















































Hybrid Aflatoxin (ppb) Fumonisin (ppb) 
Non-Bt (R19) 60.69 - 
Non-Bt (GT) 0.0 5.13 
3000GT 0.0 1.56 
3122 0.0 2.52 
3220 0.0 1.92 
Table 3. Background mycotoxin levels of the four maize grain hybrids prior storage 
under experimental conditions. Non-Bt grain – R19; grain with lepidopteran/coleopteran 
events – 3000GT, 3122, 3220. Total aflatoxin (AFB1+AFB2+AFG1+AFG2) and 
fumonisin (FB1+B2+B3+B4) levels are shown below. 
Figure 9. Background levels of storage molds from the four maize grain hybrids prior to storage 
under experimental conditions of 32oC and 80-85% RH. Non-Bt grain – R19; Bt grain with 
lepidopteran/coleopteran events – 3000GT, 3122, 3220. Two media were used for mold counts: 
dichloran rose bengal chloramphenicol agar (DRBC) – selective medium for most molds and; 

















































































Figure 10. Survivorship of IndianmealIndianmeal moth (IMM) and maize weevil (MW) 
relative to the number of initial populations on the non-Bt grain (R19). A. flavus was 
inoculated to the grain at levels of 106 and 105 spores/ml. Only intact pupae were 
counted. Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 0.01, ‘***’ p ≤ 0.001, and ‘****’ p ≤ 
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Figure 11. Mortality and growth index of IndianmealIndianmeal moth (IMM) and maize weevil (MW) 
grown on maize grain stored at 32oC and 80-85% RH. Grains were inoculated with 106 and 105 
spores/ml of A. flavus. Mortality is relative to the total number individuals counted after storage and 
growth index accounts for the surviving individuals per insect developmental stage. Treatment 
mean comparison is within hybrids. Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 0.01, ‘***’ p ≤ 0.001, 
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IMM only
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Figure 12. Percentage of kernels damaged by insects and weight loss (fresh weight basis) of 
maize grain stored at 32oC and 80-85% RH. Grains were inoculated with 106 and 105 spores/ml of 
A. flavus and subsequently infested with Indianmeal moth (IMM) and maize weevil (MW). 
Treatment mean comparison is within hybrids. Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 0.01, ‘***’ p 















































Figure 14. A. flavus colonies (orange) on AFPA from milled non-Bt (R19) grain: A) control; B) A. 
flavus inoculated; C) IMM only; D) A. flavus + IMM infested; E) MW only; and, F) A. flavus + MW. 
Fusarium sp. and bacterial colonies was also be seen on plates A-E. Significance codes: ‘*’ p ≤ 
0.05, ‘**’ p ≤ 0.01, ‘***’ p ≤ 0.001, and ‘****’ p ≤ 0.0001.  
E 
F 
Figure 13. A. flavus levels measured as colony forming units (CFU) on AFPA selective media on 
maize grains infested with Indianmeal moth (left) and maize weevil (right). Treatment mean 
comparison is within hybrids; significance codes on top of bars with A. flavus compare differences 
with no A. flavus treatment unless otherwise bracketed. Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 
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MW + A. flavus















































Figure 15. Total aflatoxin (B1+B2+G1) levels of maize grain stored for 4 weeks 
under 32oC and 80-85% RH. Aflatoxin level prior to storage was zero except in the 
non-Bt with 61ppb background. No Aflatoxin G2 was detected in 106 inoculum; and 
in 105 inoculum both G1 and G2 were not detected. Treatment mean comparison 
is within hybrids. Significance codes: ‘*’ p ≤ 0.05, ‘**’ p ≤ 0.01, ‘***’ p ≤ 0.001, and 
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CHAPTER	3.	GENERAL	CONCLUSIONS	
	
The	main	objective	of	this	study	is	the	determine	the	interactions	between	an	
aflatoxin	producing	strain	of	Aspergillus	flavus	and	the	lepidopteran	and	coleopteran	
stored-grain	insects	Indianmeal	moth	and	maize	weevil,	respectively,	in	Bt	and	non-Bt	
maize	under	controlled	storage	conditions.	In	A.	flavus	inoculated	grain,	particularly	at	106	
inoculum	level,	has	a	detrimental	effect	to	insect	development	causing	increased	mortality,	
reduced	survivorship,	and	growth	indices	of	Indianmeal	moth	and	maize	weevil.	The	
suppressed	insect	activity	in	the	inoculated	non-Bt	resulted	in	less	insect	feeding,	hence,	
fewer	damaged	kernels	and	lower	grain	weight	loss	were	observed	in	the	non-Bt	grain	
inoculated	with	A.	flavus.		
The	presence	of	Indianmeal	moth	or	maize	weevil	did	not	significantly	promote	A.	
flavus	colonization	in	both	Bt	and	non-Bt	grain	because	the	insects’	opportunity	to	promote	
colonization	was	hindered,	as	a	result	of	A.	flavus	and	Bt	proteins	causing	suppressed	
activity	of	the	insects.	In	all	transgenic	maize	expressing	Bt	proteins	Cry1Ab,	Vip3Aa,	and	
Cry1F	solely	or	in	combination,	100%	mortality	were	observed	regardless	of	the	presence	
or	absence	of	A.	flavus.	The	same	was	observed	with	maize	weevil	infested	in	grains	with	
mCry3a	and	Cry34A/35Ab	proteins.		A	complete	cycle	and	reproduction	of	Indianmeal	
moth	and	maize	weevil	was	only	observed	in	the	non-Bt	grain.		
Infestation	of	Indianmeal	moth	and	maize	weevil	increased	aflatoxin	levels	in	the	
non-Bt	hybrid	inoculated	with	106	A.	flavus.	This	increase	in	aflatoxin	contamination	was	
also	observed	in	the	presence	of	maize	weevil	in	the	Bt	hybrid	without	coleopteran	
protection.	The	use	of	Bt	hybrids	can	mitigate	mycotoxin	risks	in	stored	maize	by	providing	
 92 
the	most	effective	way	to	suppress	insect	pest	populations.	This	has	been	known	and	
proven	in	the	field,	but	this	is	the	first	study	to	demonstrate	the	impact	of	Bt	protection	to			
aflatoxin	contamination	related	to	stored-grain	insects	Indianmeal	moth	and	maize	weevil.	
The	research	conducted	also	provides	the	first	evidence	of	Mir604	and	DAS59122-7	events	
expressing	mCry3A	and	Cry34A/35Ab1,	respectively,	effectiveness	against	maize	weevil.	
The	results	of	this	study	contributed	to	the	understanding	of	A.	flavus	effect	on	the	two	
commonly	found	stored-grain	insect	in	the	tropics	where	A.	flavus	infection	and	the	
associated	aflatoxin	contamination	has	always	been	a	problem.	More	importantly,	this	
study	demonstrated	the	relation	of	insect	suppression	provided	by	the	Bt	hybrids	to	
aflatoxin	contamination	in	an	environment	that	greatly	favors	A.	flavus	infection	in	storage.	
These	results	are	particularly	valuable	in	tropical	developing	countries	where	keeping	
maize	at	safe	moisture	levels	to	prevent	aflatoxin	contamination	during	storage	remains	a	
challenge.	
	
